The High-Performance Photovoltaic (HPPV) Project provides funding to NREL in-house and university teams developing high-risk innovative concepts. Research emphases include organic solar cells and novel solar conversion processes having potential for ultra-high efficiency ("Third Generation," >50%) and very low cost. Future generation PV technologies are defined as those not in production and not expected to enter production soon because additional long-term research, development, and innovation are needed. This paper will address some of the recent research accomplishments in the research efforts underway in the subcontracted area.
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The key activities leading to competitiveness for the future generation technologies will center on increasing efficiency/performance, lowering cost, improving manufacturing processes, and enhancing reliability of future products, as stated in the U.S. DOE Solar Energy Technologies Program Multi-Year Technical Plan [1] . In the area of absorbers, the identification and exploration of materials and concepts are critical to achieving efficiencies of 10%, 20%, and >50%, respectively, in organic solar cells, dye solar cells, and future generation cells. The cell and contact areas have aggressive goals to continue the improvement of materials compatability and fabrication. Lastly, assessing and verifying durability and reliability of future generation solar cells, as well as identifying commercialization pathways for promising new technologies via university/industrial partnerships, will enable future generation technologies to enter the marketplace. Reliability tests are critical and tests have progressed significantly over the years: the goal is for solar cells to endure 25 years of continuous sunlight without degrading. Companies are slowly emerging in this area, and great promise is seen for the future.
Over the years, the HPPV subcontracts have selfordered into two notably different approaches-"the high road and the low road." One involves high-efficiency solar cells that are, as yet, too high in cost. The other focuses on low-cost devices whose conversion efficiencies at the moment are too low to be practical (see Table 1 ). It is thought that 50%-efficient solar cells could achieve <$1/W. 
ORGANIC SOLAR CELLS
Organic materials absorb sunlight and create charge carriers through a different process than that occurring in almost all the inorganic solar cells, whether conventional or next generation. Photon absorption in almost all inorganic solar cell materials leads to the creation of independent electrons and holes that move by means of potential gradients within the solar cells. The photon absorption process in organic materials creates excitonsbound pairs of electrons and holes-that diffuse to a nearby internal boundary with another material where they dissociate into separate charge carriers at the boundary [2] . This fundamentally different photovoltaic process leads to much different length scales: the diffusion lengths for excitons are typically 10 nm, so that the required thicknesses of organic solar cells are measured in tens of nanometers (instead of microns) for thin films and hundreds of microns for crystalline silicon solar cells. Organic solar cells have been demonstrated for a variety of organic materials, including organic dyes, polymers, small molecules, and hybrids of polymers containing inorganic nanoparticles.
ORGANIC SOLAR CELL RESEARCH
The most recent HPPV project of Stephen Forrest (of Princeton) focuses on finding routes to achieving nearly 10% power conversion efficiency for a new generation of organic photovoltaic cells based on vapor-deposited organic materials of small molecular weight. The specifics involve: (1) employing tandem organic thin film solar cells containing Ag nanoclusters that increase the efficiency of the individual cells composing the structure through surface plasmon optical field enhancement. Each cell in the tandem stack will employ their innovative doubleheterojunction (DHJ) architecture to maximize external quantum efficiency; (2) employing different material compositions in each stacked sub-device to provide solar spectral coverage from the blue to the infrared (IR) at a wavelength of 1.1 mm; and (3) exploring the use of small molecular weight bulk heterojunctions grown by the process of vacuum thermal evaporation and organic vapor phase deposition.
A properly designed tandem cell requires that the current generated in each subcell is equal. The challenge in this approach is that very thin metal must be placed between the different cells which (a) are highly transparent and (b) do not negatively influence the efficiency of the thin bilayer cells. To date, using a pair of planar mixed DHJ cells in tandem based on optical modeling routines that optimize thicknesses and relative positions of the many layers within the cell, they demonstrated a total cell efficiency of 5.7%. Initial experiments that involved annealing mixed layers of CuPc and PTCBI exposed some severe obstacles [3] . Further, because the elements of the tandem are separated by Ag nanoparticles that intensify the optical field within the thin active region of the cells, they have developed a thorough understanding of the nature of these plasmon enhancements that are essential to cell operation [3] .
The greatest single area for significant improvement in solar cells is in increasing open-circuit voltage (Voc). Currently, small molecular weight cells all have Voc~0.5 V, which is well below the solar photon energy (averaging 2.5 eV). Currently, the Princeton group is working with some interesting compounds that appear to be doubling Voc to 1 V. The primary objective in the year ahead is to explore the causes of the low Voc and to increase it without sacrificing other device performance metrics, particularly fill factor (FF), which reflects the series resistance (i.e., Voc can be increased by increasing series resistance, but at the sacrifice of a reduced FF). Northwestern University, under a HPPV subcontract, has the following objectives: (1) to develop improved electrode-organic interfaces in organic photovoltaics (OPV), and (2) to develop improved transparent electrode materials for OPV, with the ultimate goal of achieving efficient, easily manufacturable, and durable OPV designs (see Fig. 1 ).
Efforts are underway at Northwestern University to develop ITO-alternative electrode materials. The focus is on understanding the relationship among composition, crystal structure, ionic radii, electronic structure, and charge transport in doped CdO films. For film growth by metal organic chemical vapor deposition (MOCVD), the ) film growth [4] . Substantial progress is also being made in the electrical/optical characterization and first-principles electronic structure analysis of the new class of hydrogendoped, UV-light activated transparent conducting oxides (TCOs), in both pure and doped form. The ability to "direct write" transparent conductor lines at room temperature is a development of considerable interest.
In the instrumentation development area, a complete Spectra-Nova, Inc., photovoltaic analysis system was purchased for this project and recently commissioned. The first in-house fabricated photovoltaic cells have now been characterized using this system. This capability will allow complete and accurate characterization of OPV cells fabricated in-house under this project and will allow rapid feedback of the results to our team members and collaborators. 
DYE-SENSTIZED SOLAR CELLS
Dye-sensitized solar cells operate by a process in which light is absorbed by a sensitizer, which is anchored to the surface of a wide-bandgap semiconductor. Charge separation takes place at the interface via photo-induced electron injection from the dye into the conduction band of the semiconductor to the charge collector. An ideal absorption would be just below the threshold wavelength of 900 nm (1.4 eV). Overall solar (standard AM1-5) to electric conversion efficiencies of >10% have been reached [5] .
Josef Michl of the University of Colorado (CU), under a HPPV subcontract, is synthesizing multiple-exciton generation sensitizer for dye solar cells targeting 20% efficiency. The CU group will be developing a new ultrahigh-efficiency excitonic solar cell using a nanocrystalline TiO2 electrode sensitized with a chromophore, in which carriers multiply by singlet fission or quantum cutting.
The cell incorporates two chromophores, C1 and C2. C1 absorbs the high-energy photons of the solar spectrum (2.2 -3.8 eV, 560 -325 nm) and generates two electrons per photon, whereas C2 absorbs the lower energy photons (below 2.2 eV) and produces one electron per photon, as in present photovoltaic cells (see Fig. 2 ). The theoretical maximum thermodynamic efficiency of an ideal cell based on single fission and/or quantum confinement is in the range of 50%-60%. The proposed cell is related to the dye-sensitized solar "Grätzel" cell, but has the potential to produce much higher photocurrent and, hence, higher cell efficiency.
To date, the CU group has identified several chromophores with the desired arrangement of energy levels. They have synthesized several of them and verified that the energy levels are as anticipated. They have made several dimeric molecules, most based on 1,3-diphenylisobenzofuran, and examined their photophysics. They have found no triplet formation in the monomeric structures and various degrees of triplet formation in the dimers. Indirect evidence indicates that these triplets originate in singlet fission, which would mark the first time that singlet fission has been designed rather than just observed accidentally. However, the maximum triplet yield is only 6%, and a rigorous proof that the triplets originate in singlet fission is missing.
Evidence has been obtained that suggests the intermediacy of a polar structure that precedes the actual triplet formation. This was not anticipated, but it is compatible with the singlet fission mechanism. 
THIRD-GENERATION TECHNOLOGIES
The University of Delaware, under a HPPV subcontract, is working on "Theoretical and Experimental Investigation of Approaches to >50% Efficient Solar Cells". Thermodynamic calculations show that the efficiency limit for a solar cell is between 70% and 87%, depending on the concentration level. Assuming that a realistic device can reach 80% of the thermodynamic maximum, practical solar cells could achieve efficiencies >56%. As tandems become increasingly complex and provide decreasing efficiency gains as the number of junctions increases, new concepts and physical mechanisms have come under increasing interest.
The broad approach is to analyze the range of proposed mechanisms to increase efficiency, develop realistic models of ultra-high-efficiency solar cells, design a realizable structure using available materials with efficiency >50%, and to experimentally verify the key aspects of the model and solar cell structure. Because many of the new solar cell approaches use nanostructures, the new models involve the calculation of parameters in nanostructured materials as they relate to photovoltaics, and then these models are incorporated into a complete solar cell model. Effects included in the model include band structure properties such as band offsets and finite width of energy levels, absorption coefficients of new approaches, and non-ideal transitions between energy levels. Solar cell designs with multiple energy levels were chosen for initial analysis because, unlike other approaches, these have a wide range of materials that can be used and, hence, an ideal device can be implemented.
Although many authors have previously calculated optimized tandems structures, this work presents new results because the optimum bandgap calculations have not previously been extended to nine bandgaps, it uses a more recent AM1.5 spectrum, and it identifies broad ranges of bandgaps in which essentially identical efficiencies can be obtained. Modeling tandem solar cells under one-sun and 500X identifies the number of solar cells and the bandgaps needed to reach 50% (see Fig. 3 ). This shows the efficiency as a function of bandgaps, and demonstrates that an efficiency >62% requires eight or more junctions in the tandem. The number of junctions required drops relatively quickly (even with moderate concentration). At 500X, only five junctions are needed to achieve 50% [6] . 
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CONCLUSIONS
The HPPV Project represents work performed in parallel with internal NREL researchers, university groups, and industry researchers, wherever possible. To meet the U.S. Department of Energy's future plans, future generation technologies are addressing performance, costs, manufacturing, and reliability. R&D supports the organic solar cells, dye solar cells, and future generation cells to achieve 10%, 20%, and >50% efficiency, respectively. It is thought that 50%-efficient solar cells could achieve below $1/W, which will enable future generation technologies to compete in the marketplace.
